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SUMMARY

This report presents the results of a program directed toward the

development of design data on joints using fatigue-improvement fasteners. The

program objectives were as follows:

" Develop statistically confident joint fatigue design data

for three fastener systems (tapered-shank, TaperLok; straight-

shank, HiTigue; straight-shank, mandrelized hole).

" Define those fastener or joint variables which affect the

joint fatigue life using the three systems mentioned.

" Devise a concise presentatiin format compatible with MIL-

HDBK-5 philosophy.

" Define data requirements (both type and quantity) for possible

future inclusion in MIL-HDBK-5.

The results of this effort can be summarized as follows:

" The three fastener systems studied in this program provide

similar low-load transfer joint fatigue properties when

tested in well prepared interference holes. Although trends

were apparent, similar conclusions could not be drawn for

medium- and high-load transfer joints due to reduced data

quantities.

" Positive or negative effects upon the nominal conditions

above are observed when: (1) the interference level is

changed, (2) the t/D ratio is reduced, and (3) the joint

material or fastener head configuration is changed.

" A stress parameter, (S max/T-R), can be used to obtain data

collapse about the stress ratio, R.

" The above parameter makes it possible to present an S-N

type curve and confidence bands to statistically depict

a large quantity of data.

" Based upon the results of this program, candidate data

requirements have been identified for future programs for

proposed inclusion in MIL-HDBK-5

xii



1. INTRODUCTION

The problem of fatigue of aircraft structures has been present since

the first airplane was flown and has increased in magnitude with every advance

in design technology. Today's level of design sophistication, coupled with

ever increasing weight and cost concerns, has reclassified fatigue considera-

tions from the problem to the design-parameter category.

Prior to the early 1960's, only token consideration was given to

the fatigue life of fastened joints. However, the experience of recent years

has made it apparent that a great majority of aircraft fatigue failures have

occurred at, or passed through, fastener holes. As a result, more and more

emphasis has been placed upon the development of fastened joint fatigue data

for use in specific applications. To accomplish this, numerous simulated

joint configurations and designs have been developed and evaluated for

specific applications.

The increased emphasis on development of fastened joint fatigue

data, coupled with a multitude of joint designs and materials, has brought

about a vast quantity of fatigue data--most of which cannot be compared on a

one-on-one basis. Recently, the Fastener Test Development Group of MIL-STD-

1312 (Fasteners, Test Methods) prepared a proposed test, "Shear Joint Fatigue-

Constant Amplitude", which defines specific joint configurations, materials,

and test procedures. Implementation of these test requirements will provide

the stepping-off point for the generation of a one-on-one comparable data

base for the fatigue life of fastened joints.

For many years, MIL-HDBK-5(1)(containing fatigue design data for

materials) has been considered the central depository of design data by aero-

space engineers. In keeping with the intent of this document, it is the

desire of the Air Force to include fatigue design data for fastened joints.

If this goal is achieved, the aerospace design engineer will have, for the

first time, comparable joint fatigue design data for several fastener system

concepts. This will further facilitate fastener system selection, as suffi-

cient information will be immediately available to make decisions based on

comparative performance, cost, and producibility.
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The research program reported herein was initiated by the Air Force

to explore the ramifications and variables involved with the development of

design data on joints using fatigue-improvement fasteners. Specifically, the

objectives of the program were to (1) develop statistically comparable joint

fatigue data for three fastener systems, (2) devise a MIL-HDBK-5 compatible

presentation format, and (3) define data requirements (both type and quantity)

for future inclusion in the Handbook. The approach was to develop baseline

S-N type data for what were considered major variables and then test secondary

variables against those baseline conditions to&termine if there was any

effect. Various data collapse parameters were considered along with data

presentation formats.

Reported herein are the fastener and material selection process,

joint specimen details, and the experimental matrix. The specimen prepara-

tion process is described, as well as methods of data presentation. The

results of the experimental portion of the program including data analysis are

discussed. Recommendations are made for data presentation format and data

requirements for future programs.

Appendix A contains the fatigue test results; the computer plotted

curves resulting from the analyses are presented in Appendices B and C.

Static joint test results and sheet material properties are documented in

Appendices D and E, respectively. Appendix F contains the bending and load-

transfer analysis of the high-load transfer joint configuration. Appendix G

contains a listing of the computer programs used in the data analysis and

plotting portion of the program.

2. PROGRAM OBJECTIVES

The major objective of the research program reported herein was

the development of fatigue data for fastened joints utilizing fatigue-improve-

ment-type fasteners. As the Air Force desired to include this type of data

in Chapter 8 of MIL-HDBK-5, several secondary objectives were to be attained.

First, a fatigue-data presentation format was to be devised which would pro-

vide airframe designers with a sound criterion for optimum fastener selection

for fatigue-critical joints. Second, the presentation format had to be

2



compatible with the general philosophy of including only statistically confi-

dent data in MIL-HDBK-5. Finally, a standard data generation program had to

be formulated to permit the inclusion of data for other fastener systems in

MIL-HDBK-5 in the future. The fatigue data generation program had to take

into account variables determined to be critical in this program as well as

allowing enough flexibility so that future fastener designs could be evalu-

ated fairly for comparison with current fastener designs.

3. FASTENER AND JOINT SELECTION

The experimental portion of the program was designed to accomplish a

two-fold purpose: (1) develop an adequate quantity of joint fatigue data to

provide a statistically confident presentation for inclusion in MIL-HDBK-5,

and (2) investigate those fastener, fastener-installation, and joint variables

which might be critical to the data presentation. The details and rationale

concerning the selection of fastener systems and fastened joint specimens for

use in the program are discussed in the following subsections.

3.1. Fastener Selection

Since this program was exploratory in nature, it was critical to

select several fastener systems which were generally accepted and in use be-

cause of their fatigue-improvement qualities. In addition, it was desirable

to investigate systems which had different fatigue-improvement mechanisms or

installation processes. As a result, three fastener categories were selected

for investigation; namely, the tapered-shank interference-fit, the straight-

shank interference-fit, and straight-shank mandrelized-hole concepts.

3.1.1. Tapered Shank, Interference Fit

The TaperLok system was a logical choice for this program as it is

essentially the forerunner of the fatigue-improvement fasteners. It probably

has the largest history of usage and fatigue data accumulation of any of the

fatigue-improvement systems. This system relies upon the fatigue-improvement

3



mechanism of reducing alternating stress during cyclic loading, which has

been well documented by Smith (2 ) and others.

The fastener is manufactured with a -inch-per-foot taper on the

shank which allows it to be pulled or pushed into a similarly tapered hole.

The hole is drilled and reamed undersize to provide the desired level of

interference between the pin and hole when the fastener is properly installed.

The geometry of the system provides an easy determination of the interference

level as a precision inspection pin or fastener will protrude 0.048 inch prior

to installation for each 0.001 inch of interference after installation. This

system requires careful control of the hole preparation process as the tapered

reamer cuts along the full depth of the hole and chip accumulation or the

wrong selection of feeds, speeds, and lubricants can cause fluted or out-of-

round holes which in turn reduce the effective interference level and, hence,

reduces fatigue life (3 ).

3.1.2. Straight Shank, Interference Fit

The second fastener system selected for investigation was the

HiTigue, straight-shank interference-fit fastener. This system has gained a

great deal of attention and primary usage in fatigue-critical aircraft struc-

ture. The system combines two fatigue-improvement principles in its opera-

tion--prestressing and interference fit. In addition to a slightly oversize

shank (facilitating the insertion of the fastener into an interference-fit

hole without causing or allowing the threaded area of the pin to come in

contact with the hole which could cause scraping and galling), this fastener

has a slight bead or ball section at the thread-to-shank juncture of the bolt.

It is claimed that this bead accomplishes seven functions: (I) because the

hole diameter is smaller than the shank diameter, it preloads the hole to

provide beneficial residual compressive stress; (2) it cold works the hole;

(3) it burnishes or polishes the hole much like the mandrelizing technique

developed by Speakman (4 ) ; (4) the installation process sizes the hole and

essentially eliminates the problem of out-of-round holes and, hence, provides

a constant degree of interference; (5) because the bead is larger than the

shank diameter and leads the shank into the hole, the bead absorbs the major-

ity of the frictional loading and, hence, protects the corrosion-resistant
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and lubricant coatings deposited on the shank of the pin; (6) because the bead

is small in size and essentially a sphere imposed on a cylindrical shank, its

contact area with any portion of the hole is small, thus reducing installation

loads and the likelihood of galling the hole during installation; and (7) the

combination of cold working of the hole and leaving the hole in an interference-

fit condition provides a fuel-tight sealed joint.

As with the tapered-shank fastener, the precision of the hole prepara-

tion process is a critical factor in controlling the final interference condi-

tion and, therefore, fatigue life. Although some cold working and burnishing

of the hole is accomplished during fastener installation, it is believed that

the interference fit (i.e. reduction of alternating stresses) is the major

mechanism for fatigue-life improvement.

3.1.3. Straight Shank, Mandrelized Hole

The third fastener system involves the combination of a straight-

shank fastener assembled in a cold-worked hole. In this case, one of the

benefits considered by several aircraft companies is that no special propri-

etary fastener is necessary. The hole is sized, as described subsequently,

to provide a slight interference to the fastener shank (also subsequently

described). Of the five major methods of mandrelizing, the Boeing-developed

"Sleeve Cold-Expansion"* process method has begun to receive considerable

attention. In this procedure, a thin-wall split sleeve is inserted in the

hole and a mandrel then is pulled through. This technique allows a great

deal of latitude in hole-drilling tolerance and hole-finish conditions because

the split sleeve is interfacing between the actual hole surface and the work-

ing mandrel. The use of the lubricated split sleeve allows the highest degree

of radial cold expansion (0.010 to 0.050 inch, depending upon fastener diame-

ter) attainable without concern for galling or overburnishing. The sleeve

reduces the pulling load on the mandrel while absorbing the longitudinal

frictional forces normally transferred to the hole interface. The high-level

residual-compressive stress has been found to surround the hole to a distance

* Sleeves and tooling were manufactured by Industrial Wire and Metal Forming,

Inc., Tukwila, Washington.
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in excess of one radius from the edge of the hole. Once the hole has been

mandrelized, the sleeve is removed and the hole is reamed to the proper size

to suit the selected fastener. The fastener is then installed in a line-to-

line, very slight interference (0.002 inch maximum). The fatigue-improvement

mechanism generated by this fastener system lies in the reduction of the

maximum cyclic stress brought about by the residual compressive stresses

imposed during the cold-working process.

3.1.4. Material Selection

Two parameters were considered when fastener material selections

were made. First, it was considered important to consider two different

strength levels of fasteners, and second, it was believed that elastic modulus

of the fastener might well effect joint fatigue life. As a result, PH13-8Mo

stainless steel and Ti-6Al-4V were selected because of the level of usage and

their differing strength levels (Fsu = 125 ksi and 95 ksi, respectively) and

elastic moduli (28.3 x 103 ksi and 16.0 x 103 ksi, respectively).

Nut and collar material selections were based upon fastener manu-

facturers' recommendations and compatibility with fastener and joint materials.

With the exception of the PH13-8Mo HiTigue fastener, all nuts and collars were

made of A-286 stainless steel. The exception was the HL1399 collar which was

made of alloy steel with a type 302 stainless steel washer.

3.1.5. Fastener Configuration

Two fastener head styles were considered in this program. Major

emphasis was placed on the shear-type countersunk head with secondary

investigation of joints assembled with protruding shear head fasteners.

Manufacturers' basic part designations are shown in Table 1. (The A-286

split sleeve, part number ST5300-CBS-O-N, was used with all straight-shank

fasteners.)

3.1.6. Diameter and Grip

The major portion of the investigation was conducted using 3/8-

inch-diameter fasteners; however, size effects were studied using 3/16- and
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-inch-diameter fasteners. Appropriate grip lengths were selected to allow

assembly of specimens (using standard material gage thicknesses), with thick-

ness-to-diameter ratios (t/D) of approximately 0.5 and 1.5.

TABLE 1. BASIC FASTENER DESIGNATIONS

Fastener Protrud- Flush
System Material ing Head Head Nut

TaperLok Ti-6AI-4V TLV 200 TLV 100 TLN 1001 A-286 Washer Nut

TaperLok PH13-8Mo TLD 200 TLD 100 TLN 1001 A-286 Washer Nut

HiTigue Ti-6AI-4V HLT 10 HLT 11 HLT 97 A-286 Frangible

HiTigue PH13-8Mo HLT 34 HLT 35 HL 1399 Alloy Steel Fran-
gible

Straight Shank Ti-6Al-4V HL 10 HL 11 HL 97 A-286 Frangible

Straight Shank PH13-8Mo HL 644 HL 645 HL 97 A-286 Frangible

3.1.7. Finish and Lubrication

Fastener platings and lubricants were selected, as recommended by

the fastener manufacturers, to be compatible with the joint materials being

tested and to ensure proper fastener operation. The fastener finishes and

lubricants for each of the fastener materials are shown in Table 2.

TABLE 2. FASTENER FINISH AND LUBRICATION

Fastener Pin Finish/Lubrication Nut or Collar Finish/Lubrication

PH13-8Mo Pins

TaperLok Passivate/Lubeco #2123 Passivate/Cetyl Alcohol

HiTigue Hi-Kote 2/Cetyl Alcohol Nut-Cadmium Plate/Cetyl Alcohol
Washer-Solid Film Lube per MIL-
L-8937

Straight Shank Hi-Kote 2/Cetyl Alcohol Lubeco #2123

6Al-4V Pins

TaperLok Lubeco #2123 Passivate/Cetyl Alcohol

HiTigue Hi-Kote 2/Cetyl Alcohol Silver Plate/Cetyl Alcohol

Straight Shank Lubeco #2123 Silver Plate/Cetyl Alcohol
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3.1.8. Installation Methods

All fastener installations were accomplished to the nominal inter-

ference or cold work values recommended by the manufacturer, except when

installation effects were studied. In that case, fasteners were installed

in minimum and maximum levels to generate data on the effects of hole drill-

ing tolerance and interference or cold work levels on fatigue life.

The TaperLok fasteners were installed in accordance with Briles

Installation Specification BPS No. 148; the HiTigue fasteners were installed

in accordance with Hi-Shear Specification No. 299. These specifications

define drills and drilling procedures, hole tolerances, and gaging. They also

specify inspection methods, interference limits, and installation procedures.

Process Instructions IWMF-1-75 obtained from Industrial Wire and

Metal Forming, Inc., and the work reported by the Boeing Company (5 ) were used

to define the installation procedures for the mandrelizing process. Fastener

interference and cold work levels are shown in Table 3 with installation

torque levels shown in Table 4.

Some hold drilling and fastener installations were completed by

Omark Industries and HiShear Corporation in order to assess laboratory-to-

laboratory variations in the specimen preparation process. (Industrial Wire

and Metal Forming, Inc., did not participate in this portion of the program.)

TABLE 3. FASTENER INTERFERENCE AND COLD WORK LEVELS

Diameter, Level,
Fastener inch inch Range, inch

TaperLoka 3/16 0.0025 0.0015 - 0.0036

TaperLoka 3/8 0.0040 0.0024 - 0.0054
TaperLoka 1/2 0.0048 0.0030 - 0.0066

HiTiguea All 0.0045 0.0030 - 0.0060

b 3/16 0.0115 0.0105 - 0.0125
Mandrelize 3/8 0.0175 0.0160 - 0.0190

1/2 0.0210 0.0195 - 0.0225

Straight Shankc All 0.0020 0.0015 - 0.0025

a Interference-fit fastener.

b Cold work level using Boeing Split Sleeve/Mandrel system.

c Interference-fit fastener after cold work expansion of holes.
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TABLE 4. INSTALLATION TORQUEa

Bolt Material
PH13-8Mo Ti-6AI-4V

Diameter, HLT and
inch Grip TLN 1000 HL 1399 HL 97 TLN 1000 HL 97

3/16 0.500 45 ± 10 42 ± 7.5 30 ± 5 40 ± 10 30 ± 5

3/8 0.380 180 ± 15 235 ± 25 220 ± 20 170 ± 15 220 ± 20

3/8 1.250 320 ± 15 235 ± 25 220 ± 25 220 ± 20 220 ± 20

1/2 1.500 650 4 30 450 ± 25 400 ± 30 625 ± 15 400 ± 30

a All torque values are in inch-lbs.

3.2. Fastened Joint Specimens

The selection of the joint configuration for evaluation of fastener

fatigue life has historically been left to the discretion of the airframe

designers. Usually, each interested party or organization would select or

design a fatigue test specimen which they believed most closely matched their

structural application. This led to a multiplicity of specimen configura-

tions, which was in excess of 30 configurations in the simpler forms by the

late 1960's. It was obvious that with the large number of specimens in use,

there was no possibility of gathering any quantity of comparable data on any

one type of fastener. Hence, the DoD-sponsored Fastener Test Development

Group undertook a project to study and specify configurations and test condi-

tions for joint lap-shear-fatigue testing. Combined military-industry

consideration of the problem indicated that some comparative testing of these

various joints would have to be conducted in order to determine which of the

joints were sensitive to the influences of installed fasteners. Urzi (6'7 )

undertook projects under Navy and Air Force sponsorship to survey the industry,

determine the types and configurations of joints in use, and evaluate those

joints. He was able to separate the joint configurations into four basic

types--no-load, low-load, medium-load, and high-load transfer. Comparative

testing indicated that one configuration of each of the type of joints noted

above was sensitive to the fatigue resistance of the fastener installed in it.
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3.2.1. Configuration Selection

The specimen configurations used in this program are shown in

Figures I through 4. These configurations, with the exception of Figure 3,

are essentially those proposed by Urzi for inclusion in Test 21 of MIL-STD

1312. The specimen shown in Figure I was used to develop smooth specimen and

open hole (KT - 3.1) material fatigue data. The majority of the investiga-

tive effort revolved around the reverse dogbone (low-load-transfer) joint

with some testing conducted on the simple-lap (100 percent load-transfer)

joint and the modified 1 dogbone (medium-load-transfer) joint. Sheet thick-

nesses were selected to provide a thickness-to-diameter ratio (t/D) ranging

between approximately 0.5 and 1.5.

3.2.2. Joint Material Selection

The selection of Ti-6Al-4V in the mill-annealed condition was fairly

obvious based on the quantity used in industry. The next logical choice was

an aluminum alloy; however, the selection of a particular alloy posed a prob-

lem. Aluminum 2024-T81 and -T851 are presently being given a fair amount of

usage by industry; however, there is very little data published concerning

fatigue properties. In addition, the 2000-series aluminum alloys are somewhat

harder to machine and there was considerable concern that their "gummyness"

might introduce extra hole drilling problems in the form of oval, out-of-

round, and wormy holes.

As a result, the 7000-series alloys were considered and, after

discussions with the project monitor, the 7075 alloy in the T73 and T7351

tempers was selected. These tempers have the lowest strength of the 7075

tempers, but have the highest toughness and lowest susceptibility to stress-

corrosion cracking. In addition, they have very good machining properties,

making consistent high quality hole preparation a possibility. Nonetheless,

this material is more notch sensitive than 2024 and care must be exercised

during specimen preparation to avoid nicks and gouges, especially on the fay

surfaces, which can act as crack-initiation points.
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64JAll surfaces Center drill here Continuous radius, R

H G

IiI
ldLength, L I

I
NOMINAL + .020 + .010 + .005 + .020 THICKNESS

D L G H R t

3/8 16.0 3.50 2.250 12.0 .250

3/8 16.0 3.50 2.250 12.0 .190, .625

FIGURE 1. SHEET STRENGTH (NO-LOAD) SPECIMEN
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-4 A

(typ)Predrill D- -

125 all edges

1.0 r (typ) Manufactured fastener

I h~ead (CSK) in strap

12Z
B+

LPadT
t stock2K

NWMIN'AL + .010 + .010 + .010 + .005 + .005 THICKNESS

D A B C 2D 4D

3/8 11.00 2.25 6.25 .750 1.500 .625

FIGURE 3. MODIFIED MEDIUM-LOAD-TRANSFER (1 DOGBONE) SPECIMEN
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Predrill D-jg, 4 holes *4D

2D
Grain direction
_--___4D 8D

Overall Length Optional With Minimum Equal to 40D

I, Ir ti-T-

-81)

NOMINAL + .005 + .005 + .005 + .010 THICKNESS

D 2D 4D 8D L t

3/16 .375 .750 1.500 5.500 .250

3/8 .750 1.500 3.000 11.000 .190, .625

1/2 1.000 2.000 4.000 15.000 .750

FIGURE 4. HIGH-LOAD-TRANSFER (SIMPLE-LAP-JOINT) SPECIMEN
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4. EXPERIMENTAL PROGRAM

As stated earlier, the objective of the program was to explore the

development of design data for joints using fatigue-improvement fasteners and

to provide initial definition of test data requirements and presentation for-

mat. Because of the size of the task, it was necessary to design a test

matrix which would provide as much usable data as possible without overlook-

ing the effects of any important variables which might provide unconservative

data when other fatigue-improvement fasteners were investigated. Several

approaches were carefully considered in arriving at a test matrix that would

achieve the objectives of this program. Because of the extensive number of

specimens required for a completely factored, statistically designed experi-

ment (involving 8 to 20 specimens for each variable), a modified statistical

approach was taken. In the test matrix described subsequently, emphasis was

placed on areas of prime concern--with limited examinations of secondary

variables such that statistical analysis of the data would indicate the

effects, positive or negative, of the variables relative to the fatigue

behavior of a baseline condition. Prior to defining the actual test matrix,

it was necessary to define some of the baseline conditions such as stress

ratio; primary joint configuration, t/D ratio, and material; and primary bolt

diameter, material, and head style.

4.1. Stress Ratio, R

Many of the presently available data have been generated at a stress

ratio (R-  minimum cyclic stress' of 0.1. Although the exact reason formaximum cyclic stress,,

selecting this R value cannot be traced--even after considerable discussion

with many airframe and fastener people--it may be that early fatigue machines

operated best at R = 0.1.

From a practical application approach, it is not uncommon to see

flight spectra loadings that include ground-air-ground cycles of R = - 0.4

or less, and gust loads of R = + 0.4 or greater. From these two considera-

tions, R = + 0.25 and R = - 0.25 were selected for use in this program.

Further justification of this selection can be made by examining the relation-

ship of R values in the constant-life diagram.
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At a given number of cycles to failure, each pair of R values will

describe two points that can reasonably be connected by a straight line and,

if sufficient data are available, some confidence bands. Comparison of

Figure 5(a) and (b) shows that wider coverage and better interpolation and

extrapolation can be obtained with the R = 0.25 and - 0.25 values with

reasonable accuracy over the range of ± 0.45. In addition, if a parameter

could be found to provide data collapse around the stress ratio, its effec-

tiveness or accuracy could be better tested with the broader range of R =

± 0.25.

4.2. Primary Joint Configuration

The primary joint configuration was selected as the aluminum low-

load transfer specimen. A primary t/D ratio of 1.5 was selected in an effort

to find the greatest fastener system differences in thick stackups.

4.3. Primary Fastener Configuration

The 3/8-inch-diameter fastener was selected for baseline data
generation as it is the middle of the extremes considered in this program.

The flush-head configuration was used in order to produce the most conserva-

tive fatigue data; the PH13-8Mo material was selected because of the lower

cost compared to titanium fasteners.

4.4. Summary of Variables

The primary variables detailed above are summarized as follows:

* 2 joint configurations * 1 bolt head style

* 2 joint materials * 1 t/D ratio

* 1 bolt diameter * 2 stress ratios.

I 1 bolt material

The secondary variables (in the numbers indicated in parentheses)

that were examined are as follows:

* Additional joint configuration (1)
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FIGURE 5. CONSTANT LIFE DIAGRAMS
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* Additional bolt diameters (2)

* Additional bolt material (1)

* Additional bolt head style (1)

* Additional t/D ratio (1)

* Additional stress ratios (2)

* Variations in installation condition (minimum and maximum).

4.5. Statistical Treatment of Data

As discussed earlier, statistical confidence in data intended for

inclusion in MIL-HDBK-5 was one of the major objectives. This program was

designed to provide the broadest possible coverage of the fastened-joint

fatigue problem. The general approach was to define primary and secondary

variables and give them separate statistical consideration. The primary

variables were allotted more test specimens, thus making it possible to

generate statistically confident fatigue curves. These curves were then used

as baselines and secondary variables were tested to determine if a statisti-

cally measurable effect was present. Tests on the secondary variables were

not intended to give an absolute measure of magnitude but only to establish

if an effect is present. The general approach is discussed in the following

paragraphs.

4.5.1. Fatigue Curves

After the important factors influencing fatigue life of a particular

fastener/joint combination had been identified, a baseline set of data was

generated for that combination. These data were used to define an S-N curve

to which further comparison could be made. For each S-N curve, the stress

levels and number of repetitions of these stress levels were selected to

obtain maximum confidence on the mean curve while attempting to minimize the

variance at all levels.

In fatigue testing, the optimum allocatirn of selected stress levels

is highly dependent on the expected shape of the -N curve, while the appro-

priate number of test repetitions at a given stress level is related to the
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magnitude of variance in log fatigue life for the fatigue life interval of

interest. In effect, this means, generally, that it may be useful to test

some additional specimens in sections of the curve (at longer lives) where

data variation is likely to be greatest.

After the test matrix for a given S-N curve had been defined and

completed, an optimal regression curve was constructed. In the simplest case,

fatigue life was considered only a function of some stress parameter and all

other variables were held constant. This was based on an expression of the

general form

loglo Nf = A, + A2 S + A3 loglo , (1)

where Nf = fatigue life in cycles (the dependent variable)

S = a stress parameter (the independent variable)

(Smax' Salt, etc.)

Al, A2 , A3 = regression coefficients.

BCL computer programs (8 ) facilitate the regression optimization of Equation

(1). A quantitative estimate of goodness-of-fit was provided by way of the

calculated statistical parameter, r2 , defined as the sum of squares of devia-

tions of the dependent variable (in this case, log1o Nf) from its mean

associated with regression. Values of r2 approaching 100 percent were most

desirable, since that implied a large percentage of the variance of the

dependent variable was attributable to the regression and that a good correla-

tion between the dependent and independent variables had been established.

If fatigue life was truly a random variable, confidence limits could

be established on the mean curve [Equation (1)] for any given stress level by

use of the following expression:

log1o Nf = loglo Nf ± k(s.d.) , (2)

where loglo Nf = mean fatigue life calculated from Equation (1)

k = factor that depends on the sample size, n; the desired

proportion of the population distribution; and the

confidence at which this interval was estimated (9)

s.d. = logarithmic sample standard deviation (sample error of

estimate of fatigue life values).

The calculation of confidence limits using Equation (2) required the assump-

tion that the data were independent and log-normally distributed, with zero
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(8)
mean deviations and constant variance . Of these considerations, the

uniformity of variance was of greatest concern as fatigue data generally tends

to show increasing variance with increasing life. However, it was believed

that the selection of a 90 percent confidence level and a 90 percent popula-

tion distribution would provide a reasonable variance range at long lives and

a conservative range at short lives. It was also believed that inspection of

the r2 statistic and standard deviation for each regression-optimized data

set would provide adequate insight concerning log-normal distribution and zero

mean deviations.

4.5.2. Secondary Variable Tests

After a baseline or mean curve with 90 percent confidence bands

(see Figure 6) had been generated, a variable was then examined to determine

if it had an effect on fatigue life, as discussed in the following paragraphs.

If the chances of the data falling to the left of the mean curve

were 50-50, or , then the probability of N test values falling to the left

of the mean curve was ( )N. If five specimens were tested and they all fell

to the left of the mean curve, then the probability of there being an effect

(i.e., different from mean curve behavior) was ( )5 or 1/32. Ninety-five

percent confidence is 5 chances in 100 or 5/100 or 1/20. If the data showed

one chance in 32 of error and 95 percent confidence was one chance in 20, it

can be said with greater than 95 percent confidence that the variable reduced

fatigue life.

The same argument can be applied to a seven-specimen test lot. In

this case, the probability of there being an effect is (C) 7 (= 1/128) or one

chance in 128. Ninety-nine percent confidence is one chance in 100 or 1/100.

Hence, if all seven data points were to fall to the left of the mean curve,

it could be said with 99 percent confidence that the variable reduced fatigue

life. A similar argument can be made for four specimens and 90 percent

confidence.

The converse argument (i.e., data to the right of the mean curve)

can be used to show that a variable increased fatigue life.

A somewhat different argument can be applied for sample sizes of

less than five or data falling outside of a confidence band. In this case,
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a well-defined baseline mean curve with a 90 percent confidence band is neces-

sary. Here, we rely on the confidence band and say "we have 90 percent confi-

dence that 90 percent of the data for this condition fall within the band".

Thus, if we tested a small sample size (say four) and the data fell outside

the band, we could be 90 percent confident that the data did not belong to

the same family as that of the mean curve.

If the data from a secondary variable test should fall on both sides

of the mean curve, one might conclude that the data could be combined with the

mean curve data. In that case, the data can be tested statistically to deter-

mine if it belongs in the data family of the mean curve.

With this statistical basis, the test matrix described in the follow-

ing paragraphs was determined.

4.6. Test Matrix

The first step in the program was confirmation of joint material

properties as compared to existing data. Because data were available, a

center point stress ratio of zero (R = 0) was used and R = ± 0.25 curves could

be plotted from existing data with a correction factor added, if required.

The specimens allocated for this portion of the program are shown in Table 5.

Half of the specimens were smooth sheet and the other half had a center hole

drilled to provide open-hole data (see Figure 1).

TABLE 5. SPECIMENS FOR DETERMINATION OF JOINT MATERIAL FATIGUE PROPERTIESa

Test Number of Thickness, Nominal
Series Specimens Material inch Diameter Load Notes

54 2 Al .250 3/16" ULT Static

54 10 Al .250 3/16" S-N

55 2 Al .190 3/8" ULT Static

55 10 Al .190 3/8" S-N

56 2 Al .625 3/8" ULT Static

56 10 Al .625 3/8" S-N

57 2 Ti .250 3/8" ULT Static

57 10 Ti .250 3/8" S-N

58 2 Ti .625 3/8" ULT Static

58 10 Ti .625 3/8" S-N

a To be repeated with specimens with center hole drilled to nominal diameter

shown above.
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The second step was to conduct static and fatigue tests on the

fastened joints shown in Table 6. This matrix was completed for each fastener

type. Even though all fastener types were tested simultaneously to eliminate

test machine and time-dependent errors, a description of the function of the

matrix as conducted for any one fastener follows.

Test 1 provided ultimate tensile and yield strength data for that

joint configuration. This test was conducted on all fastener and joint

combinations included in this program.

Test 2 developed the fatigue curve for the same configuration with

the load level related to ultimate tensile strength (UTS), if necessary. The

fatigue curve was developed using a limited number of specimens; five or six

specimens were tested at progressively lower load levels to determine the shape

of the curve. Once the shape was established, loads of particular interest

were selected and the individual tests replicated. After the test data were

obtained, the statistical curve was determined for use as a baseline.

Test 3 examined the effect of minimum and maximum installation

procedures. As discussed earlier, statistical tests conducted during the

test sequence made it possible to conclude this test before all of the speci-

mens were subjected to fatigue cycling. In some cases where the statistics

indicated that an effect was present, it was desirable to continue the test

so as to generate as much data as possible to evaluate the magnitude of the

effect.

Test 4 was a repeat of Test 2 at the negative stress ratio. In this

case, if Test 2 had defined the shape of the curve, fewer specimens were deemed

necessary.

Test 5 considered a change in sheet thickness. These data were

compared to the curve generated in Tests 2 and 4 to determine t/D effect.

Tests 6 and 7 considered different bolt diameters. The data were

compared to the results of Tests 2 and 4.

Tests 8, 9, and 10 were identical to Tests 1, 2, and 3 with the

exception that joint configuration was changed. A direct test for effect

was made between the two series.

Tests 11 and 12 dealt with the change in bolt diameter and were

treated in the same manner as Tests 6 and 7.
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TABLE 6. JOINT TEST PROGRAM FOR ONE FASTENER SYSTEM

Joint

Test Number of Figure Bolt Bolt 
(b

Series Specimens Number Material IcS Diam Material Load so e

1 2 2 A1 1.5 3/8 A i'LT -- Static

2 15 2 A1 1.5 3/8 A S-N +.25

3 12 2 A1 1.5 1!8 A A-C +.25 Minimu- and -a,ioun i ntal latLions. each - sad.

4 12 2 Al 1.5 3/8 A S-N -.25

5 4 2 Al 5 3/8 A A-B-C +.25 B at each R - 2 at each load 2 static

6 8 2 Al 1.5 /1/i A A-C +.25 3 at each of 2 loads + 2 static

7 8 2 Al 1.5 112 A A-C +.25 3 at each of 2 loads + 2 static

8 2 1 Al 1.5 3/8 A ULT --

9 15 4 Al 1.5 3/8 A S-N +.25

10 12 4 Al 1.5 3/8 A S-N -.25

11 8 41 Al 1.5 3/ln A A-C +.25 3 at each of 2 loads + 2 static

12 8 4 Al 1.5 1/2 A A-C +.25 3 at each of 2 loads + 2 static

13 2 4 Al .5 3/8 A ULT -- Static

14 12 4 Al .5 3/8 A A-C +.25 3 at each of 2 loads - 1-th B'.

15 2 3 Al 1.5 3/8 A UILT -- Static

lb
(c )  

6 3 Al 1.5 3/8 A A-B-C +.25

17
(
c

l  
6 3 Al 1.5 3/8 A A-B-C -. 25

18
(d )

19 
(d )

20 
(
d
)

21 2 2 Al 1.5 1/8 B ULT -- Static

22 12 2 Al 1.5 3/8 B S-N +.25

23 9 2 Al 1.5 3/8 B S-N -.25

24 2 2 Al 5 3/8 B ULT -- Startic

25 12 2 Al 5 3/8 B A-B-C +.25 2 each at i loads - borl B's

26 2 4 Al 1.5 3/8 B ULT -- Static

27 12 4 Al 1.5 1/8 B A-B-C +.25 2 each at B loads - both R's

28 2 4 Al .5 3/8 B ULl -- Static

29 8 4 A1 .5 3/8 B A-C +.25 2 each at 2 loads -oth R's

30 2 2 fi 1.5 I/8 A U LT -- Static

31 10 2 Ti 1.5 3/8 A S-N +.25

32 4 2 i 1.5 3/8 A A-C -. 25 2 each at 2 loads

33 8 2 Fi 1.5 3/8 A A-C +.25 2 each at 2 l-d s.ti i,i an, is oc dti i,

34 2 2 Fi .5 3/8 A Ui,T -- Static

35 b 2 ri 5 3/8 A A-B-C +.25 2 each at 1 loads

36 2 4 ri 1.5 3/8 A ILT -- Static

17 6 4 ri 1.5 3/8 A A-B-C +.25 2 each at 3 loads

38 2 4 Ii .5 f/8 A LII -- Static

39 6 4 1i .5 3/8 A A-B-C +.25 2 each at I loads

40 2 2 fi 1.5 3/8 B LT - Static

41 8 2 Ii 1.5 3/8 B A-B-C +.25 2 each at 2 loads -oth R',

42 2 2 Al 1.5 f/8 A LIT -- Static

43 12 2 X1 1.5 I/8 A - If-C +.25 2 eac at 5 loads - both V'.

44 2 2 Al .5 3/8 A(
e  

ILr -- Static

45 12 2 Al 5 1/8 A
(
c A-B-C +.25 2 each at l5as o both R ,

46 2 4 A1 1.5 3/8 A(' IIT -- Staticsel

47 12 4 \1 1.5 1/8 A c A-B-C +.25 2 each at 3 loads both 8's

48
( f )  

4 M1 1.5 3/8 A A-C +.1 2 each at 2 loads

4911
)  

4 , l 1.5 3/8 A A-C -1.0 each at s loads

5 /I
f )  

4 4 AI1 1.5 I/8 A A-C +.1 2 each at 2 lot.ds

51'
f )  

, 4 Al 1.5 /8 A A-C -I. ) each at 2 loads

52 4 2 Isi 1.5 I/8 A A-C +.1 2 ach it 2 load,

53
( f )  

4 4 Ii 1.5 3/8 A
( g

) A-C -1.0 2 each at 2 loads

(a) To be repeated for all 3 fastening methods.

(b) Bolt material A is PH 13-8 Mo Flush Head; bolt material B is 6AI-4V - FlUsh Head.

(c) Revised per agreement with technical monitor os, June 7, 1973

(d) Deleted per agreement with technical monitor on June 7, 1973.

(I) Bolt material A is PIt 11-8 Mu - Protruding Head.

(f) Added per agreement with tfechnical monitor on June 7, 1973.

(g) To be used for Boeing Mandrelized Hole concept only.
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Tests 13 and 14 evaluated the effect of change of t/D ratio in the

second joint configuration.

Tests 15. 16. and 17 evaluated the third joint configuration in

much the same way as the first two configurations. The bolt diameter was held

constant throughout.

Tests 21 through 29 evaluated the titanium bolt material in two

joint configurations.

Tests 30 through 39 considered the PH13-8Mo bolt in two joint

configurations fabricated from titanium material.

Tests 40 and 41 dealt with the titanium bolt in titanium material.

Tests 42 through 47 provided insights concerning the effect of

protruding head bolts on joint life. The data were compared directly to the

results of Tests I through 14.

Tests 48 through 53 provided additional comparative data at addition-

al stress ratios in order to test further for any data collapse parameter.

It was possible (as discussed previously) to make statistically

confident decisions concerning the effect of a variable relative to a baseline

condition. Proper control of the test sequence allowed these tests to be made

while the program was in progress. In some cases, it was possible to conclude

that a particular variable definitely did or did not have an effect before

all of the allotted specimens for that particular tests had been used.

4.7. Test Equipment and Environment

All fatigue experiments were conducted using one of four closed-loop

electrohydraulic test systems, as appropriate. The systems are capable of

applying maximum dynamic loads of ± 500,000, ± i00,000, ± 50,000, and ± 20,000

pounds, respectively. The systems were selected on the basis of load and

compliance requirements of individual specimens to provide the most efficient

system utilization. Cyclic loading frequencies varied from 3 to 25 Hz

dependent upon specimen load and stroke requirements. All tests were conducted

in an air-conditioned, humidity-controlled laboratory.
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5. SPECIMEN PREPARATION

5.1. Specimen Blanks

Specimen blanks shown in Figures 1 through 4 were subcontracted to

the Dyna-Quip Corporation, Columbus, Ohio. The aluminum material was ordered

and delivered with adhesive-backed paper applied to both sheet surfaces. The

protective paper was kept on the material during specimen blanking and hole

drilling to minimize surface scratching and denting. As noted earlier, some

of the blanks were sent to Omark Industries and the HiShear Corporation for

hole drilling and fastener installation.

5.2. Fay Surface Treatment

Fay surface treatments were in accordance with proposed MIL-STD-

1312 Test 21. High-load-transfer joints were degreased prior to assembly.

Aluminum low-load and medium-load transfer specimens were degreased and coated

with zinc chromate primer (per TT-P-1757) applied in accordance with MIL-P-

6808. Titanium low-load-transfer specimens were coated with Molykote 106 and

then cured for 60 minutes at 300 F. Study of AFML-TR-71-184 entitled "Fretting

Resistant Coatings for Titanium Alloys" indicated that, other than degreasing,

no preliminary surface treatment was required.

5.3. Hole Preparation

As noted earlier, all fastener holes were prepared in accordance

with the manufacturers' recommended instructions. All holes were inspected

to ensure that diameter, roundness, rifling, and tool marks were within

acceptable limits. In addition, a statistical analysis was conducted on hole

sizes to ensure proper interference levels. This was accomplished by computing

a mean and standard deviation for each family of hole diameters. A range was

then computed that encompassed 99.97 percent of the values (mean t 3 standard

deviations) and was compared to the minimum and maximum measured values.
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